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ANATYSTS OF TURBOJET-ENGINE CONTROLS FOR AFTERBURNER STARTING

By W. E. Phillips, Jr.

SUMMARY

A simulation procedure is developed for studying the effects of an
afterburner start on a controlied turbojet engine. The afterburner start
is represented by Introducing a step decrease in the effective exhaust-
nozzle area, after which the control returns the controlled englne var-
iebles to their initial values. The degree and speed with which the
control acts are a measure of the effectiveness of the particular control
system. Data are presented from an electronic analog computer study
using the developed simulation procedure. For each of five systems
investigated, it is possible to operate with turbine-discharge temper-
ature overshoots of less than 3 percent of rated temperature, which
eliminates the problem of demage to the turbine due to overtemperature
in that region following an afterburner start. The steady-state errors
of speed and temperature can also be reduced to negligible values in the
two proportional control systems investigated.

Two major factors in the selection of a control are (l) initial
speed undershoot, and (2) large engine fuel-flow overshoots and large
initial decreases in effective exhaust-nozzle srea when the afterburner
ig 1it. These large deviations when associated with the initial speed
undershoots are conducive to surge, particularly in engines with small
surge margins. As the complexity of the control is increased by the
addition of compensation, the severity of the speed, fuel-flow, and
exhaust-nozzle-area transients is decreased, and the surge problem is
correspondingly decreased. Complete compensation reduces the transient
variations of all the variables to negligible amounts and therefore
eliminates all surge problems during an afterburner start.

INTRODUCTION

A turbojet engine with an afterburner mey be considered as having
two basic modes of operation, nonafterburning and afterburning. The
problems of control within the nonafterburning mode of operation have
been investigated and reported previously and are not considered in this -
report. Within the afterburning mode of operation, steady-state operation
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requires that the variable-ares exhaust nozzle (necessary with after-
burning) increase in sres to malntalin the baslc engine variables et
their rated vaelues during afterburning. In the transition region be-
tween the two modes of operation, however, when the afterburner is 1it
or extinguished, accurateand fast control becomes a major problem.
When the afterburner is 11t at rated engine power, for example, initial
transients of underspeed (resulting possibly in surge) and overtemper-
ature (resulting_possibly in turbine blade damage-or surge) occur,
which the control must quickly overcome. In general, the effects upon
the engine variables of extinguishing the afterburner are the Iimverse
of those assoclated with lighting the afterburner and are less danger-
ous. For this reason, only afterburner lighting is considered herein.

The object of this report 1s to investigate the effects of after-
burner lighting on the engine behavior and control-system requirements
the interacting type, discussed in theoretical terms in reference 1.

An analog study of these interacting control systems for a turbojet
engine operating only in the nonafterburning region is presented in
reference 2. The baslc control system considered herein is similar in
configuration to that of refeéerence Z. IEnglne rotor speed is conirolled
by englne fuel flow, and turbilne-discharge temperature 1is controlled by
the variable-area exhasust nozzle. The interaction referred to previ-
ously occurs within the engine, where the engine fuel flow has a con-
giderable effect on the turbine-discha¥ge temperature and the variable-
area exhaust nozzle affects the engine rotor speed. Component additions
to the control to minimize the interaction effects within the engine-
are considered in detail and sre referred to as various forms of
compensatlon.

In this report, a slmulation procedure for the afterburner is
developed (based on ref. 3}, this afterburner simulation is coordinated
with previously developed nonafterburning-engine simzlation procedures
(ref. 4), and the compensated interacting control systems of references
1 and 2 are used. The results of an analog investigation of the effects
of an afterburner light on several controlled turbojet-engine config-
urations are reported and evalusated.

A closed-loop control rather than a nozzle-areas-scheduling control
is considered in this report because of the possiblility that the after-
burner will not ignite quickly on entry of the afterburner fuel flow.
With the closed-loop control, the nozzle srea wlll not change until the
afterburner is lighted. Combustion delays in the afterburner were con-
sidered negligible. This 1s reasonable, because, although the delays
are of the order of milliseconds, the afterburner combustlon delays are
not in the closed-loop portion of the control and thus will not affect
the stabllity or steady-state characteristicse of the system. Concerning
transient response, the effect upon the engine of lighting the
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afterburner is more severe if combustion deleys are not considered.
This report, then, presents the resulte for the most severe type of
light - complete and immediate. The results may thus be tempered some-
what when applied to an actual engine.

SYSTEM SIMULATION

The simuletion technique for a controlled turbojet engine with
afterburner is discussed in this section. The equstlions for the sim-
ulation of the engine are developed and discussed, a matrix represen-
tation of the engine and controllers is developed, and a block diagram
for the systems dealt wlth is formulated.

Nonafterburning Engine

The nonafterburning-engine equations are included in this discus-
sion to serve as a basis for demomsirsting the additlonal dynamics
introduced by afterburning. For the nonafterburning englne, the input
or Independent variasbles are engine fuel flow and exhaust-nozzle &ares.
The output or dependent varisbles ususally chosen for control purposes
are engine rotor speed and turbine-discherge temperature, and these
dependent variables are used herein for both nornafterburning and after-
burning studies.

The dynamic equations for the nonafterburning case are

AN =\ L} Awp o+ ___K_N_A__ INY (1)
I+T 8 1 +T_ 8
e e
ATt = Ky - KK _Te® sl + | Kpp - KK _Te® W aa
£ Nwe \T + T8 kg A N\ TF T, 8

(2)

(Symbols are defined in eppendix A, and nonafierburning equations are
developed in appendix B. These equations are nondimensionslized. The
primed engine varisbles represent percent changes based on the rated
values, and the engine gain values are also normalized to the rated

value of the variaebles; for example, KTW = (BT/awf)Arconst /T )
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Equations (1) and (2) show that the engine speed response to either
engine fuel flow or exhaust-nozzle area 1s & first-order lag, whille the
turbine-discharge tempersture responses to these inputs are of a lead-
lag form. With the exception of 'KTN’ the engine gains in equations

(1) and (2) may be evaluated from steady-state data. The gain Kox
and the engine time constant Te must be evaluated from transient data.

Afterburning Fngine

The dynamic equations for an afterburning engine are developed in
appendix C, following the method of reference 4. The same engine vsr-
lables are considered as in the nonafterburning case, with the addition
of the independent veriable wy, the afterburner fuel flow. The re-
sponse equations for engine rotor speed and turbine-discharge temper-
ature are

K K
Nw it
AN'=___f_'_Awt'~+-__K__NA___AA'+__W_13_Awg (3)
1 +-Te s 1 +'Te 8 1 +Te 8
ATt =] Kpy. - KK ___f_?_i_ Aw‘+KTA-KTNK __T‘i__s___ AAY 4+
T e\l + <, & r M \T+=_ 5

"l:eB t
- —_— |} Aw 4
rvy ~ Fri e, \Trr_ 5| T (4)
Comparison of equations (3) and (4) with equations (1) and (2) shows
that afterburning introduces an sdditional term into each of the re-

sponse equations.

As ghown in eppendix C, equations (3) and (4) may be reduced to

Kyw K
f ' NA t
AN' = | ] AWo ] AA 5
1+ 1, 8 YE T T, B eff— (5)
' e 8 D Te ® \aar
AT Kpyo - KKy, m’:g) we + | Kpp - KpnKya TF s 5)| Cefs
, (s)
where AAeff represents an effective area -
1 ' 1
AAe:f'f =A0AY + AAeq’b (7)
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The equations for afterburning are now analogous in form to those
for nonafterburning, and previously developed nonafterburning similetion
techniques may be used. It should be noted that the area consldered in
equations (5) and (6) is an effective area, composed of both the phys-
ical exhaust-nozzle area A and the varlable Aéq,b' The variable 1-\.eq

represents the equivalent resistance to flow of the tallpipe and the
nozzle area due to afterburning. In steady-state afterburner operation,
the effective area Aeff wlll be equal to the physical area A neces-

sary to give rated engine speed and turbine-discharge temperature when
not afterburning.

2D

The magnitude of the Agq,p term must be evaluated to complete the
afterbvurning-equation development. As developed from thermodynamic

‘relations in appendix C, the thrust ratio (afterburning to nonafter-

burning) is
Fip
Fj,a A (8)

For the engine conslidered in this report, the meximum thrust ratio is
1.5, and Ad is 90 percent of rated area (rated area being the turbine-
discharge area). Therefore,

Ay = 1.5 Ay = 135 percent (9)

In this study, an exhaust-nozzle area AA' of 135 percent is
taken to be the maximum physical opening of the exhsust nozzle, and the
effect of afterburning is teken to be a 40-percent decrease in effective

area QAAéq,b = -40 percent). This establishes the steady-state values

for nonafterburning and afterburning operation: for nonafterburning

operation, AA' = 90 percent, AAéq b= 0, and AAéff = 90 percent; for
, ;

afterburning operation, AA' = 130 percent, AL x= -40 percent, and

1
eq,b
AAéff==90 percent. The S5-percent safety factor in AA' ensures that
the turbine conditions will not exceed rated conditioms in the steady-
state afterburning condition.

The lighting of the afterburner is similated by Introducing a step

in AAéq o equivalent to a 40-percent decrease 1n exhasust-nozzle ares.
H

The block diagram of the system, including the engine, is given in
figure 1.
Control Units and Sensor Units

The control unite considered in thls report are the engine fuel
flow and the exhsust-nozzle-area control unlits. Hach of these control
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units is considered to consist of two parts, the dyrpamic terms of the
basic servo power element end the galn and dynamic terms associated with
the controller portions of the control unit. Thus, the control units
congist of the relatlively unchangeable servo power-element dynamics

ng_ end W, and the flexible characteristics (the controller elements

Cypy 8nd CAT) that may be varied to give the type of control desired.

The baslc control units used 1n this report are included in figure

1. The terms waN and CAT inclnde the gain of the servo power

element, the gain of the controller poertion of the control unit, and the
desired dynemics - that is, elther. proportional or proportional-plus- _
integral terms. For the studies to follow, in each particular eystem
considered there are only two varieble paremeters, the gain of the fuel-
flow controller C el (KN) and the gain of the exhaust-nozzle-area

controller Cpp (Kp). The controller matrix C has two additional
elements, waT and CAN’ thet have not been meniioned previously.

These two elements are referred to as the compensation elements and are
added to the control system to minimize (partial compensation) or elim-
inate (complete compensation) the interaction effects within the system.
The use and results of the -compensation terms are dlscussed In detail
in the following sections.

The sensor units are those elements which convert the dependent
variables (rotor speed and turbine-discharge temperature) into signals
comparable with the reference inputs of the system. These are shown in
figure 1. Tt is aspumed for simplicity in this study that neither
sensor unit (Hﬁ and Hp) has any ‘dynemics. This is a valid assumption,

in that small pulse-type tachometers and high-response thermocouples
are now belng used in turbojet-engine control applications. The gain
of* the feedback elements, when nondimensionalized by normalizing to
rated values, as was done with the engine gains, 1g unity. In the
study presented in this reporst, then, both Hﬁ and HT are taken ag

unity at all frequencies.

Matrix Representation of Control System

A matrix representation of the complete controlled turboJet engine
with afterburning has been developed, using the components and equations
developed in the previous secticns. The use of the matrix form sim-
plifies any computations made for the system characteristics and also
allows & more systematic approach to systems of the complexity con-
gidered in this report. The control unlits and Bensor units are pre-
sented in an expanded matrix form in figure 1. The afterburning-engine
equations may be put—in a matrix form by introducing a frequency-
independent (steady-stete) matrix and s frequency-dependent (dynamic)
metrix. This allows easier consideration of the steady state operation

of the control systemn. o
ﬂlllllllllllllb

6VLS
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A block disgram of the complete control system in matrix form is
shown in figure 2. The elements of esch matrix may be obtained from
the expanded form shown in figure 1. In the following analysis, stand-
ard matrix subsecripts are used in certain equations for clarity. The
element Slz’ for example, represents the element of the S matrix in

the first row and second column and, from figuré 1, corresponds to
Kna-

SYSTEM ANWALYSIS

The analysis of & controlled turbojet engline with afterburning, of
the form shown in flgure 2, is dlscussed from an enalytical point of
view in this section. The analysils includes a development of the gen-
eral system response equations, a discussion of the specific response
equatione associated with the uncompensated, partially compensated,
end completely compensated systems for afterburner disturbances, and an
example of the use of these eguatlions through the calculetion of the
steady-state errors associated with the use of proportional or
proportional-plus-integral control with each type of compensation. The
complexity of the equations developed also illustrates the need for an
analog solution of the transient responses of the systems considered.

The only system parameters that are varied in thils study are the
fuel-flow controller gain Ky and the exhaust-nozzle-area controller

gain Kp. Since the data are a function primari%y of loop gain rether

than controller gain, the loop gains K% and KT are used throughout
the datae discusslion, where

K%‘ = (gein of loop from AN, to Awp to AN' to AN) = 0.45 Ky
K; = (gain of loop from AT, %o AAl.. to AT' to AT = 0.30 K,
Response Eqguations

The response equation, in matrix form, of the system shown in
figure 2 1s

¢ = (I + Dswer) 1(pswc)r + (T + DSwem)-1(Ds)d (10)
or -
¢ = (22T (psyc)r +f 223 LY (ps)a (11)
T ir]
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where
=T +-DSWCH

The characteristic equation for the system is

It] = |T + psweH| = O (12)

Equation (11} may be broken up into three sets of equations, each
of which deals with certain system properties.

The first set of equations defines the hasic function of the control

system, the response of each output variable to 1lts corresponding refer-

ence lnput: . —_
ant =29 I\ (pswe)l  aw) (118)
Ir| 11
= 1
AT = ad‘; 1; (pswc)| AT (11p)
r
n dz2

using standard matrix notation.

The second set of equations defines the interactlon of the system,
the response of each output to other than its corresponding reference
input:

AN = ra(li;j‘l (Dswc;l AT} (11c)
L S12

AT! = a‘?i' (Dswc) AN; (114)
- 21

As developed previously, the afterburner effects may be considered
equivalent to a change in effective area or, referring to flgure 2, a

load disturbance AAé b The response equations for this disturbance
are a
v = {[23dD) (ps)|  aa!
AN = (Ds) eq,b (11le)
12

S

6%.LS
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adj T '
AT! = —I'j'lt,‘i' (Ds) Mheg,b

22

(11£)

The treatment of the system that is followed in this report is
directly releted to the six equetions (1la) to (11f). It is desired
to have esch output variable follow 1ts corresponding reference input
as closely as possible (eqs. (1la)} and (11b)), to minimize the response
of the outputs to any but their corresponding inputs {egs. (1lc) and
(114)), and to minimize the effects of the afterburner operation upon
the outputs (egs. (1le) and (11f)). '

Steady-State and Stability Calculations

Certain steady-state and stability properties of the systems
investigated may be determined analytically. These calculated values
provide basic knowledge of the systems and also establish checking
data to verify the analog solution.

The stability of an interacting system is a funetion of both K%
and Ké[ The stability of a given system may be plotted ss a stability

contour with Kﬁ and K% as coordinetes, and this method is used with

analog data. The stability equation (12) is too complex to attempt to
obtain a complete contour anslyticelly. However, the end points of the

stebility contour (Kk with KL =0 and K,% with Kk = 0) may be

calculated, and this gives an approximate value of the range of gains
encountered within the stable reglon of operation.

The output final values may be calculated from the steady-state
coefficiert matrix equations:

- N
lim o(t) = lim{s (2341 bswe | r(s) } = o[r(t)] 4 (13a)
Lo §-0 it} =
- »
-
1im c(t) = 1im {s |{ 29T ps | a(s) $ = ola(s)], (13b)
+ oo s—-»0 |I'l t=w
- -/

The approximate range of gains determined by the stability-contour end
points may be used to evaluate the genersl range of steady-state values
for each system.
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The actual values of the system matrices shown in figure 2 (assum-
ing engine operation at rated dry thrust) are

Engine matrices:

1

—_1 0 0.45 0.67
D = 1l +1.75 8 S =
9.70 s 1 0.40  -0.30

l1+11.75 8

Controller matrix:

C elements (form and values are covered in later discussions)

Servo matrix:

1 0
(1 + 0.1 8)2
W=
1
0 (T +0.2 8)(1 + 0.4 8)

From these values and the various equations presented in this section,
the stability~contour end points are determined and the final values of
equations (1lla) to (11f) evaluated and tebulated. The values of the 6
matrix (eq. (13b)) are calculated for a step input of unity [AAéq p(t) =

U(t)]. The coefficient 645 relates engine speed to AA q,b» @nd the

coefficient 655 relates turbine-discharge temperature to AA eq,b"

Controllers (C matrix) of both proportional and proportional-plus-
integral form are considered in this analytiec discussion.

Uncompensated gsystem. - The basic interacting system, with waT e

CAN = 0, is termed the uncompensated system. The interactlion in this

gsystem occurs through the engine matrices D and S, because the remein-
der of the system matrices are disgonals.

For the proportional control of the uncompensated system, the C
matrix is

K 0
N
C = {(14a)

° K

kg

A

IR%Iﬁ
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and, for the proportional-plus-integral control, the C matrix is

Kyl + —2— 0
1.7 s
C = (14b)

1
0 - 1+
KT( 1.75 s
The temperature-to-area controller gain —KT mist be negative for
stability, because the englne gain KTA is negetive. The integral
time constants (1.75 sec) are chosen equal to the engine time constant

’Ce.

The values of the stebility-contour end points for both the pro-
portional and proportional-plus-integral uncompensated systems were cal-
culated from equstion (12) and are presented in table I. Table I shows
that the stability-contour end points for both uncompensated systems
Investigated are finite, which means that care must be teken in adjust-
ing the gains to obtain = stable system.

The steady-state coefficients 612 and 65y (eq. (13b)) were cal-
culated for step inputs of unit amplitude [AAéq,b(t) = U(t)] and are

presented In teble II. This tabulation shows that in the uncompensated
proportional system each output (AN' and AT') will have a steady-state
error assgociated wilth the afterburner disturbance AAéq,b- These errors

are functions of both the speed loop gsin Kk and the temperatﬁre loop
gain K%. The uncompensated proportional-plus-integrsl system, as might
be expected, will have no steady-state errors. The outputs (AN'* and
AT') in steady state willl be unaffected by the afterburner disturbance
(612 = 65 = 0).

Therefore, the addition of integral control to the uncompensated
system, in eliminating steady-state errors, eliminaetes the steady-state
interaction effects. However, the interaction still exists in the

trensient case for both the proportional and proportional-plus-integral
controls.

Completely compensated gystem. - The term "completely compensated
system”" applies to the system wherein the controller elements chT

and Cpy 8are so chosen that AN' 1is unaffected'by AE; and AT*' is

is unaffected by AN;, for both steady-state and transient considerations.

Referring to equations (1lc) and (11d) for complete compensation, it
follows that :

[()toswc] 1, = [T oswc] gy = 0 (158)
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Equation (15a) will be satisfled if

(Dswc)12 = (Dswc)21 =0 (15p)

since equation (15b) will meke (T')™1 & dilagonal matrix. Solving equa-
tion (15b) for the elements Cy.p/Cpry &nd Cpy/C_ .y yields

waT (DyxSya * DirStal¥Wa (16a)
Chor  (ONMup * DyrPrugWy

Caw __ (DppSryp + DrnSiwe )Wy,

CaeN (DprSpa + DrySyalV¥a
The controller matrix elements thus are similar to those of equations
(14a) and (14b), with the addition of the.proper values of Cyer @nd
Cpy from equations (16a) and (16b).

(16v)

The elements C T and Cpy by definition eliminate both the

steady-state and transient interaction effects encountered in the un-
compensated system. This means that the system is uncoupled and two
independent loops now exist. This uncoupling is demonstrated by con-
sldering the stability equation (12). Considerstion of equation (15e)
and the fact that the H matrix is an identity matrix yields for the
stability equation . .

Ir| = |T + DsWCH| = [1 + (DSWC}{,] [1 + (DSWC)pp] = O (172)
which In turn glves

1 + (DSWC)y; =0 (17v)
1 + (DsWC),, = O _ (17¢)

as the two independent characteristic equations for the completely com-
pensated system. The stabllity contour for this system will consist of
two straight lines, one ixmdependent of K% (eq. (17c)) and one independ-

ent of KT (eq. (17v)). The values shown in table I indicate that, with

either proportional or proporticnal-plus-integral control, the completely

compensated system 1s stable for all poslitive values of loop gains.

6%LS
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Considering tasble II, wilth the completely compenssted proportional
system, the uncoupling of the system is indicated by the fact that the

steady-state coefficients '612 and 6 op 8Tre functlons only of thelr

respective loop gains. The ares disturbance AA a,b introduces & dis-
turbance directly into the tempersture loop and into the speed loop

through the engine term (DS),5. Once this AA eq,b disturbance is in-
2

troduced into each loop, the loops are uncoupled. The use of the
proportional-plus-integral control with the completely compensated sys-
tem eliminates the steady-state errors associasted with the proportional
control.

The uncoupling of the system may also be illustrated by consider-
ation of the response equations (1le) and (11f). Realizing that for
this system

(DSWC)1, = (DSWC),y = O (15b)

the response equations become

- 8) -
AN' = 12 ' 18a)
T+ (DoWC) 7, | Shea,sd (
b -
(DS)ZZ 1
1 =
aT 1+ (D'f;wc)22 A‘Aec_!‘,-‘lo (180)

These equations illustrate the steady-state and transient uncoupling of
the interacting system and complete the analysis of the completely com-
pensated system for afterburner lights.

. Partially compensated system. ~ The partially compensated system
is & compromise between the uncompensated and completely compensated

systems. The elements waT and Cpy ere simplified from those of

the completely compensated system to the extent that the system is
uncoupled only for steady-state operation. However, reference 2 found
that partial compensation also improves the transient capabilities of

the system, and it is primarily for this reasson that partisl compensation
is considered. The terms C fT/CAT and Cay/C as an extenslon of

equations (lﬁa) and (16b), are

WfN’

C_‘ﬂ_ - - (DNNSNA + DNI'STA)WA (lga_)
Car (OB, + DrSwe ) Warp

8=0
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Can (DprStve + DINSHwe)Wae

CoeN | (DppSpa + AWy (150)

a=0

The controller matrices agein are similar to those of equations (14a)
and (14b), with the addition of "cwa and Cuy from equations (19a)
and (19b).

Since the system is uncoupled only for steady-state operation, the
stability equation for the partially compensated system will not reduce
to two Independent equations as it did for the completely compensated
system. The stablility-contour end points were calculated and are shown
in table I. The temperature loop considered alone 1s inherently stable

(K% = » for instability), while the speed loop instability gain has a
finite value.

The uncoupling of the partially compensated system In steady-state
operatlion 1ls illustrated in table IT by the steady-state coefficients
812 and 622 for the proportional control. As in the completely com-
pensated proportional case; the coefflclients are functions only of thelr
respective loop geins. The use of the proportional-plus-integral con-
trol with the partiaslly compensated system eliminates the steady-state
errors assoclated with the proportional control. The effect of partial
compensation can only be determined from analog data, as even approx-
imations in an analytical transient study would become too complex.

Summary of Anelytical Results

The snalytical results serve mainly as a guide to the more complete
analog study that follows. The addition of complete compensation to
the basic uncompensated gystem uncoupled the system A both steady-state
and transient operation, while the addition of partial compensation
uncoupled the system only in steady-state operation. 8Since partial com-
pensation 1s considerably less complex to add to the system, it is hoped
that partiel compensation will lmprove the translent response compared
with the uncompenssted system sufficiently to warrant its use in cases
where the requirements do not necessltate use of the more complex com-
plete compensatlon. : - oo

The analog computer study, as dlscussed previously, is necessary
to evaluate the complete stability contour and the transient behavior
of the systems considered. All the systems included in table II, except
the uncompensated proportional system, are included in the analog com-
puter study.

B67LS
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ANATOG STMULATION

The computer used for the analog analysis of the effects of an
afterburner light on a controllied turbojet engine was an electronic
differential analyzer, operating with & real time base. The variables
recorded on & direct-writing oscillograph were engine speed AN',
turbine-~discharge temperature AT', afterburner disturbance éq b’
exhaust-nozzle area AA', and engine fuel flow Awg. ’

Five of the systems investigated analyticelly in the previous
section were investligated on the analog computer:

. (1) Uncompensated proportional-plus-integral
(2) Partially compensated proportional
(3) Partially compensated proportionsl-plus-integral
(4) Completely compensated proportionsl
(5) Completely compensated proportional-plus-integral

These systems were set up on the analog with techniques discussed in
references 2 and 4 and following the block disgram of figure 2. As
mentioned previously, the only system parameters conslidered verigble
in this study are the conitroller gains KN and KT, and these were
simylated by variable coefficient units.

The physical srea AA' has limits of travel on the actual englne,
and these were simulated by limiting the variable AA' in the analog
setup. The lower limit was set at AA' = 75 percent, and the upper limit
at AA' = 135 percent. The physical exhaust-nozzle area at rated engine
speed and turbine-dlscharge temperature is 90 percent.

The stablility-contour end points and the steady-state errors deter-

mined enalytically were used to check each system setup before the data
were taken.

RESULTS AND DISCUSSION

In & single-loop system, if the transient response to a step in
load disturbance is conslidered as a function of the loop gain, an in-
creage in gain typically results in a faster response and & decrease in
overshoot and steady-state error, until the system reaches the limit of
steble operation. The same general dependence on the loop gain is
observed in a controlled interscting system of the type discussed in
this report, but in this case both loop gains affect the transient
response and the stablility limit of the system.

=
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The information necessary to define the operation of a controclled
interacting system includes definitlion of the stable reglon of coperation
and determination of the steady-state errors and the transient responses
within the stable operating region. In obtalining the analog data, the
boundary of the stable reglon of operation (the stability contour) was
determined as a function of the loop gains, and the steady-state errors
and transient responses to the afterburner light {AAéq,b = -40 U(t)]

were recarded for sets of loop gains within the stable reglon. It ie
possible, then, with the analog dsta taken, to determine the followling
for given loop gains K% and K%: whether the system 1s steble; if

stable, the transient and steady-state responses to the afterburner-
light; if the responses are not acceptable, what variations if K% and

K% will improve the response; Qnd if either partial or ¢omp1ete com-
pensation of the control system will improve the system response.

Performence Criteria

It 1s necessary to establish performance criteris for comparing
the operation of the five systems investigated. The criteria also allow
a concise representatlion of the performance of each system, as these
eriteria may be plotted as functions of the loop gains. Examples of the
gnalog traces obtained are shown 1in figure 3. The performance criteria
chosen are labeled on these curves. The translent criteria considered
are the englne speed wdershoot and the turbine-discharge temperature
overshoot; and, for the systems without integral control, the steady-
state errors are also considered.

Three-types of plots were useful in defining the system behavior.
One type 1s contour lines of constant values of the transient perform-
ence criteria with K% the ordinate and K% the abscissa. The sta-

bility contour for the particular system considered 1s also included in
this type of plot (e.g., fig. 4(a)). The plot is useful in determining
rapidly the relation of a given operating point to the stability con-
tour and the performance criteria at the operating point, but it 1is
difficult to determine the permlissible performance criteria for the
system. '

In order to determine the permissible performance criteria for
each system and to facilitate comparison between the various types of
systems considered, a second type of plot is used. In thls plot, the
permigsible combinations of the transient performance are used as the
coordinates and yleld a bounded region as shown in figure 4(b). Owing
to instabllity, 1t 1s impossible to obtain the performance criteria in
the cross-hatched portion of figure 4(b}, and the line thus represents
the limit of performance obtainable. This plot indicates immedlately

6TLE
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the permissible performance criteria obtainsble and provides a good
method of comparing systems. The third type of plot 1s used where the
criteria depend on only one loop gain. Figure 6(c) is an exsmple of
this type of plot.

A measure of the speed of response would also be desirable in
evaluating the transient response propertles of the various systems
investigated. No sultable criterla were found for this, however;
therefore, for each system, sample treces are included to show not
only speed of response, but other characterlstics as well.

System Data Discussion

Uncompenseted proportional-plus-integral system. - The performence
criteria and the stability contour for the uncompensated proportional-
plus-integral system are plotted as functions of the loop gains in
figure 4(a). The interaction of this system is apperent in the diag-
onal nature of these characteristics. A general trend is observed of
decreasing engine speed undershoot with &n increase in either K% or

7', while & decreasing turbine-discharge temgerature overshoot occurs

th an increase in 1 or & decrease in . Of the six operating

points shown in figure 4(a) (1% to 6#), point 64/ appears to be the best;
and this is borne out in the permlssible performance criteris plot of
figure 4(b). A comparison of figures 4(&? and (b) shows that the
boundary of the permissible region of operation in figure 4(b) cor-
responds to a portion of the stability contour in figure 4(3). While
point 64 represents the only data taken in the lOW'temperature over-
shoot region, it appears that a further decrease in KN and & cor-

responding increase 1n L i1l provide a lower temperature overshoot

(< 6 percent). The most important point to be gained from figure 4(b),
however, is the fact that, for the uncompensated proportionazl-plus-
integral system investigated, 1t is impossible to operste with an engine
speed undershoot of less than 6 percent for temperature overshoots under
10 percent.

The analog traces for the six points (1#& to 64«) shown in figures 4
are presented in figure 5. The sensitivities of each variable and the
positive or increasing direction are included on the traces. The traces
show that the response at point 6% i1s considerably underdamped; angd,
for this resson, a compromise between polnts 5% end 64 would be more
desirable, despite the fact that the performance criteria are higher at
point 54. Examinastion of the six sets of traces shows that the response
time 1s a function of the combination of Kﬁ and KT and increases

with & decrease in either Kﬁ or K& Thus, the response times of
points 5% and &%, with low values of KN’ are somewhat longer then those

3
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of the points with higher K% but are still acceptsble, since the
transients are essentially finished within 5 seconds.

The limiting action as the exhaust nozzle reaches its maximum
opening is clearly seen in the AA' +traces, and this limiting action
causes the nonlinear character of the other response traces. The over-
shoote in engine fuel flow vary from 60 percent at point 1« to 8 per-
cent at point 64. While the assumption of linearity of the englne pa-
rameters would not hold for AN% overshoots of 60 percent, operatlion at

this point would not be recommended becasuse of high AT' overshoots
incurred, and it is felt that the trends indicated in the region of
point 14 will hold. For Am% overshoots not in excess of 20 percent,

the linearity of the engine 1s assumed to be correct, and therefore any
data polints are assumed correct.

The optimum region of operation for. the uncompensated proportional-
plus-integral control system has been determined to be in the region of
points 54 end 6%, with a AT' overshoot of espproximately 8 percent and
a AN' undershoot, limited by the characteristics of the system, of
over 6 percent. The transient—response is glightly underdamped and
essentially 1is over in 5 seconds. These performance criteria, while
within acceptable limlts, are dangerous In engines with a small margin
between the steady-state operating line and the surge line. The AN'
undershoot, Awl overshoot, and initial AAéff decrease all tend to

drive the engine Into the surge region.  For this reason, the uncompen-
sated proportional-plus-integral system investigated is not recommended
for afterburner operation, unless the turbojet englne has a large surge
margin, which may be determined from consideration of the englne charac-
teristics and the optimum performance criteria.

Partislly compensated proportional system. - The performence crite-
ria and the stability contour for the psrtially compensated proportional
system are plotted as functions of the loop gaine in figure 6(a). The
interaction of the system is again epparent in the diagonal nature of
these characteristics. Of the six operating points shown in figure S(a),
point 64 yields the smellest performance criteria values, and this 1s
borne out in the permissible performance criteria plot of figure 6(b).
The plot of figure 6(b) shows, similar to the uncompensated system,
that 1t is impossible to operate with less than S-percent speed under-
shoot for reasonable values of temperature overshoot.

The curves of the speed and temperature steady-state errors are
plotted as functions of the loop gains in figures 6(c) and (d), respec-
tively. Each steady-state error depends only on 1lts respectlve loop
gein. This agrees wlth the formulas in table II for the partially com-
pensated proportional system, and good agreement is obtained between the
anslog and analytical data (figs. 6(c) and (d)). As expected, an

B7LE,
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increase in either loop galin decreases the assoclated steady-state
error. Operation at point 62 gives a reasonable value for steady-state
speed error and negligible steady-state temperature error.

The analog traces for the six points 12 to 64 shown in figures 6
are presented in figure 7. As in the uncompensated system, the ansalog
traces show that point 64 is considerably underdamped, and e compromise
with the more steble characteristics of point 52 is desirable. Exsm-
ination of the traces shows that the response time is a function only
of the speed loop gain and increases with a decrease in KN Operation

in the region of points 52 and 64 provides good time of response, with
the transient essentially over in 2 seconds.

Therefore, the optimum region of; operation for the partially com-
pensated proportional system is in the region of points 52 and 64, with
a negligible AT' overshoot and a AN' undershoot, limited by the
characteristics of the system, of over 5 percent. The transient re-
sponsge is slightly underdamped, and the transient is essentially over
in 2 seconds. Because of the negligible temperature overshoot in this
system, the surge problem would be much less of a consideration than
with the uncompensated proportional-plus-integral system. The main
disadvantage of the partially compensated proportional system is the
steady-state speed error. A discussion of the addition of the Integral
terms to eliminate the steady-state speed error follows.

Partially compensated proportional-plus-integral system. - The
performance criteria and the stability contour for the partially com-
pensated proportionel-plus-integral system are plotted as functions of
the loop gains in figure 8(a). Comparison of this plot with figure
6(a) shows that the addition of the integral term did not msterially
effect either the stability contour or the performance criteria. The
integral term did, however, eliminate the steady-state errors associated
with the partially compenssted proportional system. Of the six oper-
ating points shown in figure 8(a), point 124 appears to be the best,
and this is verified by the permissible performance criterie plot of
figure 8(b). As with the proportional system, it is impossible to
operate with less than 5-percent speed undershoot for reascnable values
of temperature overshoot.

The analog traces for the six points 74 to 124 shown 1n figures 8
are presented in figure 9. As in the proportional system, the analog
traces show that the responses at polnt 124 are considerably under-
demped, and again a compromise with & point of more stable operation 1s
desirable. - .The traces show that the response time is primarily a func-
tion of the speed loop gein, as in the proportional system. Operation
in the reglon of points 114 and 122 provides a response time of about
3 seconds, somewhat longer than the proportional system, but still
acceptable. The interesting fact to notice with this system is the
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type of AM; transient obtained. 1In traces 9% 11%, and 12%, the Awj
initially undershoots, as contrasted with the high _AM% overshoots

encountered in the uncompensated proportional-plus-integral system (fig.
5). The Am% signal in the partially compensated system is a sum of

two signals, one of which is AN; through the element waN and the

other is Am; through the element waT. Since waT bas a negative

modulus, the portion of the AM% signal through Cw T produces the
Aw% undershoot . oo B4
The Am; undershoot of 2 percent at polnt 124 considerably dimin-

ishes the surge problem for this system; and, with the exception of the
5-percent . AN' undershoot, the partially compensated proportional-plus-
Integral system provides very good performance criteris.

Completely compensated proportional system. - As discussed pre-
viously in the analysis of the completely compensated system, the inter-
action. 1s eliminated by the addition of the crossover terme specified
by equations (16a) and (16b). This means that there are now two inde-
pendent loops; and, referring to equations (18a) and (18b), the speed
response is a function only of the speed loop galn Kﬁ, and the temper-

ature response 1is s function only of the temperature loop gain K%.

The stability contour and permissible performance criteria plotse
thus have little significance with the completely compensated systems.
The plots of speed end temperature steady-state errors presented in .
figures 10(a) and (b), respectively, show that, as either loop gain is
increased, the corresponding steady-state errar is decreased. Operation
of the system at the K% value corresponding to point 6¢ and the K;

value corresponding to palnt 3¢ yields very acceptable steady-state
errors of lesg than 0.5 percent. Both loocps are inherently stable, as
shown by the values of infinlty in table I.

The snalog traces for the_six_points_IV to 6% shown in figures 1O
are presented in figure 11. These analog traces illustrate several -
interesting facts about thils system. Considering first the form of the
responses, there . is an initial high-frequency transient which is a
function of the loop gains and a slower final transient rising to the
final value. The slze of the initisl transients increasses as the loop
galn is_increased, and slight overshoot of the temperature occurs at
high K% values (point 3¥). The response time is not too important a

criterion for this system because of the ailmost negligible steady-state
errors encountered at high loop gain.

j
B¥/).C
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The Aw% transient may be approximeted by summing the responses

at points 3¢ and 6%. The resultant trace yilelds a short-duration
overshoot of approximately 2 percent and & positive steady-state Am%
error of 1 percent. The exhasust-nozzle area responds within 0.1 second,
as shown on the traces of figure 11. This means that the transient
deviations of AAéff are very small and of very short duration. These

small values, coupled with the negligible AN' and AT' deviations,
mean that surge would not be encountered with this control, even in
engines with a small surge margin.

Completely compensated proportional-plus-integral system. - As
with the proportional system, the interaction is eliminated in the com-
pletely compensated proportional-plus-integral system, and the stability
contour and permissible performance criteria plote have little
significance.

The curves of engine speed undershoot and temperature overshoot as
functions of their respective loop gains are given in figures 12(a)
and (b), respectively. These performence criteris decrease as the loop
gains are increased. Operation of the system at the K% velue cor-
responding to point 12¢ and the K;
yields transient deviations of less than 0.25 percent. The steady-
state errors are eliminated by the integral term.

value corresponding to point 9¢

The analog traces for the six points 7€ to 12¢ shown in figures
12 are presented in figure 13. The initlal form of the transient is
very similsr to the high-frequency portion of the traces observed in
the proportional system. The final portions of the transients sare
similar in response time, although in this system the steady-state
error goes to zero because of the integral control. As with the pro-
portional systems, because of the small transient deviations possible
(points 9¢ and 12¥), the response time is not a significant performance
criterion. .

The summing of the Am% traces of points 9¥ and 12¢ agaein reveals
a slight initial overshoot, which for this system is approximately 1.5
percent. This small value, combined with the negligible AN', AT', and
AAéff transient deviations, again means that the surge problem is
nonexistent with this system if operation is maintained with high loop
gains. _ .

Comparison of systems investigated. - The permissible performance
criteria plots of the uncompensated and partially compensated systems
are compared in figure 14. As discussed previously, there are no per-
missible performance criteria plots for the completely compensated
systems, but a region of reasonable operating gains may be included,
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as shown by the shaded region in figure 14. The comparisons presented
in this section are based on the performance criteria obtained at the
best operating regions for each system, as determined in the preceding
discussions. Referring to figure 14, the improvement obtained wlith the
addition of partial compensation is evidenced mainly in the reduction
from 6 percent to 5 percent of the value of the minimum speed undershoot
obtainable for reasonable values of temperature overshoot. The com-
plete compensation reduced the speed undershoot and the itemperature over-
shoot to negligible values by uncoupling the two loops and thus making
these performance criteris independent of each other.

In the proportional systems 1t was possible to operate at points
giving small steady-state errors, and the integrsl controls eliminated
these steady-state errors entirely. The time the transients took to
reduce essentlslly to zero was less than 5 seconds for the optimum
operating reglons in all five systems, which is well within acceptable
limits for control operation.

The major problems with the control configuration of A”%_ to AN!

and AA' to AT' durlng an afterburner light are excessive overshoot
of AT' and the possibility of surge due to & combination of high Aw!
overshoots, AN' undershoots, and a large 1initial decrease in Allee £
until the exhaust nozzle opens to compensate for the afiterburner light.
The date show that, for each system, the AT' overshoot may be reduced
below 1 percent, and overtemperature damage is thus eliminated se a
problem for consideration. The. surge problem, however, exists in both
the uncompensated and partially compensated systems. Engine surge is
particularly likely to occur in the uncompensated system because of
ini+ial undershoot in AN', en overshoot in Aw £ and a decrease in

AAeff. In the—partially compensated systems, the crogsover terms waiL

and Cpy Iintroduce signals that cause the AMT to initially undershoot,
which considerably diminishes the possibility of surge. The effective
area respongse is somewhat faster for the partlelly compensated systems,
and the speed undershoot is smaller, decreasing further the possibility
of—surge In this system. The mejor improvements exhibited by the addi-
tion of complete compenssation to the basic control system are the reduc-
tion to negligible values of the AN' undershoot and the very fast
response of the exhaust-nozzle area AA', effectively eliminating the
large initial decrease in the effective srea AAeff Small Amf over-

ghoots are obtalned with the completely compensated system but are of
toc small an order to casuse surge. Therefore, complete compensation
entirely eliminates any possibility of surge with the form of control
considered.

L3
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SUMMARY OF RESULTS

A simulation procedure was developed for studying the effects of .
an afterburner light upon a controlled turbojet engine. The afterburner
light mey be represented by introcducing a step decrease in the exhsust-
nozzle area, after which the control will act to return the controlled
engine variables to their values before the afterburner was lit. The
degree and speed with which the control returns these variables to their
initial wvalues are & measure of the effectlveness of the particular con-
trol system being studied.

For each of the five systems investigated, 1t is possible to oper-
ate with turbine-discharge temperature overshoots of less than 3 per-
cent, which eliminates the problem of demage to the turbine caused by
overtemperature in the turbine region following an afterburner light.

It is also possible to reduce the steady-state errors of speed and tem-
perature in the two proportional controller systems investigeted to
negligible values.

The initial speed undershoot is one of two major factors in the
selection of the type of control to use. The uncompensated and partially
compensated systems have limiting values of speed undershoot of 6 per-
cent and 5 percent, respectively, below which it is impossible to operate
without instability. With complete compensation it 1is possible to oper-
ate with speed undershoots well below 1 percent.

The other major factors in the type of control to use are the large
engine fuel-flow overshoots and the large Initial decreases in the effec-
tive exhsust-nozzle area when the afterburner is 1it. These large devi-
ations when associated with initial undershoots in engine speed are very
conducive to surge, particularly in engines with a small margin between
the steady-state operating line and the surge line. For the uncompen-
sated system operating in the optimum gain region, fuel-flow overshoots
of 8 percent and initial effective exhsust-nozzle-area decreases of 40
percent for an interval of approximately 0.5 second were obtained. For
the partially compensated systems, the fuel flow initially undershoots
slightly, but the effective exhaust-ndzzle area decreases in the same
menner as with the uncompenseted systems. The surge problem is thus -
improved because of the nature of the fuel-flow transient. For the com-
pletely compensated system, both the fuel flow and the effective exhaust-
nozzle area have negligible transient deviatlons. This faect, coupled
with the negligible speed undershoot for the system, means that, even in
surge-prone engines, complete compensation eliminates the surge problem
during afterburner starts.

The type of control to be used In afterburner starts depends, then,
upon the severity of the surge problem in the engine being studied. All
five control systems, of which the uncompensated is the least complex,
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elimlinate temperature overshoot and steady-state errors as control prob-
lems. As the complexity of the control ie increased by the addition of
compensation, the severity of the speed, fuel-flow, and exhaust-nozzle-
area transients 1s decreased, and the surge problem 1s correspondingly
decreagsed. Complete compensation reduces the transient varimtions of
all the varlables to negligible amounts and therefore eliminastes all
surge problems during an afterburner start.

Lewis Flight Propulsion Laborsatory
National Advisory Committee for Aeronasutics
Cleveland, Ohio, July 9, 1856

6FLS
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APPENDIX A

SYMBOLS
physical exhaust-nozzle aresa, sq ft
percent change in exhaust-nozzle ares, AA/hr
effective gxhaﬁét-ﬁozilé area, sq ft
percent change in .effective exhsust-nozzle area, AAeff/Ar
equivalent afterburning effect on exhaust-nozzle area, sq ft

percent change in equivalent afterburning effect on exhasust-
nozzle area, AAeq;b/Ar

controller matrix
transfer function of area to speed controller

transfer function of ares to turbine-dlscharge temperature
controller

transfer function of fuel flow to speed controllier

transfer function of fuel flow to turbine-discharge temper-
ature controller

completely compensated system
controllied output matrix
engine dynamics matrix

load disturbance matrix

error matrix

jet thrust, 1b

function

“feedback or sensor matrix

transfer function of engine speed sensor

transfer function of turbine-discharge temperature sensor
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total enthalpy per pound of air flow at exhsust- nozzle
throat -

hest added by afterburner fuel flow per pound of air flow

identity matrix

- speed controllier gain. i i

gain of engine speed to engine fuel flow loop
engine gain of speed to exhaust-nozzle area ( ‘ %E)
Wf ,Wb r
engine gain of-speed to afterburner_fuel flow
(&)
X

f,r
englne gain of speed to engine fuel flow (Er—{ N,)
Vel A FALN T

temperature controller gain

galn of turbine-discharge temperature to exhaust nozzle-
area loop

engline gain of turbine-discharge temperature to exhaust-

)

nozzle area (BT
A W,Wh

_ engine gein of turblne-discharge temperature to engine

speed (%‘ x_}i
wes AW, v/

engine gain of turbine-discherge temperature to afterburner
1t

ruet 110w (& ey
e low 5—— x T

blA,w " r
_engine galn of turbine-discharge temperature to englne fuel
flow (BT x ‘if.'.ﬁ)
A, Wy T /.

Mach number

mass flow, lb—sec/ft

ag=jc !
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AT!

u(t)

1
AMB
Ve

Ow

engine rotor speed, rpm

percent change in engine rotor speed, QN/Nf
total pressure, Ib/sq in.

partially compensated system

statlic pressure, lb/sq in.

unbalanced (accelerating) torque, 1b-ft
reference input matrix

engine steady-state matrix

engine gain Kya

eng?ne gain Kwa

engine gain KTA
engine gain KTWf
Laplacian operator

turbine-discharge temperature, °Rr

percent change 1n turbine-discherge tempersature, AT/TT
time

step function

uncompensated system

velocity of gas, ft/sec

servo matrix

afterburner fuel flow, lb/hr

percent change in afterburner fuel flow, Amb/ﬁg

engine fuel flow, 1b/hr

percent change in engine fuel flow, AMf/ﬁf r
2

SeE
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system chsracteristic matrix
ratlo of specific heats
change

steady-state coefficient matrix relating controlled outputs
to load disturbances

englne _time constant
steady-state coefficlent matrix relating controlled outputs
to reference inputs

partial derivative of X with respect to Y with Z held
constant

with afterburning

without afterburning

error (reference input ~ controlled output)
exhaust-nozzle throat

rated vealue

set (reference) input

tailpipe

ambient conditions

Superscripts

t

percent

value with maximum afterburning

6¥LE
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APPENDTX B

NONAFTERBURNING-ENGINE EQUATIONS

The development of the dynamic simulation of the nonafterburning
turbojet engine is presented briefly herein. A more complete develop-
ment is presented in reference 4.

The Input or independent variables of the system are engine fuel
flow and exhaust-nozzle area. The output or dependent varigbles con-
sidered in this report are engine rotor speed and turvine-discharge
temperature. Accelerating torque, the difference hetween the torque
produced by the turbine and the torque @bsorbed by the compressor, is
also considered to account for engine operation at nonequilibrium con-
ditions. The basgic assumption of quasi-static operation is used in the
development.

Three relations assumed between the engine varlables are

N = £; (vp,4,Q) (B1)
T = T, (vpsAQ) (82)
Q= fg (Wf:A-JN) ‘ (B3)

From these three relations the following equations are obtained:

oN ON AQ
AN = Dvp + DA + (B4)
EEIA gA_le S%l N
oT oT oT AQ
AT = I Mg + AL - - (85)
Swpl, TF Xn.lwf L) SN 6‘3—1%—,__
wesA
B8 1 eAN (B6)

e

an
3N wf,A

The partial derivatives are defined as engine gains, with the indicated
vaeriables held consgtant. .
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Combining equations (B4) to (BB) yields

Bwf‘ (1+'r )A "'EI (IT%:;)M (87)
AT = gEL' aT l (l +T a) Amf +

oT T

sal,, 5‘wa?| (1+'r )| 2 (28)

The A velues in the precedlng equations represent fncremental devia-
tions from the steady-state values of the variables.

Equations (B7) and (B8) mey be put in a more suitable form for

simulation purposes by nondimensionalizing, using rated engine operating
values as a basis. Equations (B7) end (B8) then become

1 ' 1
ANT = Kmf(r:f;) g * Kyg (rﬁ:;) ARt (1)

T"[K'rw S (1+.c )] borg ¥

o - it (3525)] o (@)

With the exception of . Ky, the engine gains in equations (1) and
(2) may be evaluated from steady-state data., The gain Kpy and the
engine time constant. Te muist be evaluasted from transient data.

69L2
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APPENDIX C

APTERBURNING-ERGINE EQUATIONS

A theoretical analysis of the effects of afterburning on the dynamic
behavior of & turbolet engine is presented in reference 4. The appli-
cable, features of this anslysis sre presented and discussed in this
appendix.

The responses of engine rotor speed and turbine-discharge temper-

ature to engine fuel flow, exhsusit-nozzle area, and afterburner fuel
flow, as given in reference 4, are .

= 1 ' 1 1 !
AN Kl\ﬁ"f(l+"l7e s) Awf+Km(1 +'teB)AAl +KNWb(l +'1:e S)Awb

(s)
e = [, - (357 [ - ()] e
[Kwa - o, (l—"}—r—g] o (a)

Comparing equations (3) and (4) with equations (1) and (2) shows that
the effects of afterburning introduce an additional term into each of
the response equations.

From thermodynamic relations, the following equations were developed
in reference 4:

K h
Mo | BT b (c1)
Kya  Kpa e
Koy .
1 - X TTNW (c2)
Kop K,
If the following substitutions are now made:
Dheq b b Awb)
R T Mhegp < - T " (c3)
DA
Bherr _an |, Tleqyp (ct)
A, A Ar



32 L] NACA RM ES6F29

equations (3) and (4) become

1 ! 1 .
AN K —] OAwp + Kgp | o—————] QA 5
= wf(l + T s) Ve (l + Tg s) eff (5)

T 8
" o - = ) !
AT [K‘I‘Wf K‘I‘NKNWf (1 +T 8 ]Awf +
T 1

[KTA - K‘I‘NKNA('ﬁ_E?:—B')] Merp (6)

Equations (5) and (6) for afterburning operation are now analogous
in form to equations (1) and (2) for nonafterburning operation. After-
burner operation may therefore be simulated by considering an effective
area Aeff rather than the physical exhaust-nozzle ares A. The effective
area Agrs 1is composed of both the physical area A and the var-
iable Aeff,b which represents the effect upon éngine operation caused
by the increase in tailpipe temperature and pressure when the afterburner

is 1i1t.

The magnitude of the Aeff,b term remains to be evaluated to com-
plete the analysis. The magnitude of the afterburner effects Aeff,b

when the afterburner is 1lit is determined by consideration of the thermo-
dynamic relastlions involved. The ratio of afterburning to nonafiterburn-

ing thrust is
Fib _ n,pVn,p ¥ A (Pn,b - Po) (c5)
Fy,d ™n,a¥n,a + An,dﬁ’n,d - Do)

which may be written as

2
FJLP,= Aan Th:bpn:an:b + (Pn;b - PO) (CG)
Fy,a #4,a ”n,dpn,dMg,d + (Pp,q - Po)

Since st the exhaust nozzle

rn'l
T
- 2 Pe 0
ME s -1 (c7)
Tn pn
congidering the exhsust nozzle as choked (Mn = 1) gives
Tn
P Yy, - 1 Yn-1_
—t _n__) (ca)
Pn z

6v.Le



5149

D=5

NACA RM ES6F29 L 33

Now, the assumption is made that

Pt,v= Py,a

(no pressure loss due to burning), and

Tn,p * Tn,qd
which gives
Pn,b = Pn,d
and, therefore,
F
Fap _Bnp @)
Fi,a  An,a

In a typical afterburner application, the thrust ratioc is approx-
imately 1.5, which gives :

7 A
,_J.Lb = B0 = 1.5 (cg)
Fs,a  #n,a

For the engine studied in this report, An,d = 90 percent of rated area
(rated area being the turbine-discherge area), and

App = 1.5%90 percent = 135 percent (c10)

In the study presented in this report, 135-percent exhsust-nozzle area
is taken to be the maximum physical opening of the exhaust nozzle, and
the effect of the afterburning is taken to be a 40-percent decrease in

effective area CAAéq,b = -40 percent). The 5-percent safety factor

ensures thaet the rated turblne conditions will not be exceeded in the
steady-state afterburning condition.
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TABLE I. - STABILITY-CONTOUR END POINTS

System K,;’: for K}" for
K%I = 0 Ké =0
Uncompensated:
Proportional 18 39.2
Proportional plus integral} 13.1 35.0
Partially compensated:
Proportional ad 16.1
Proportionsal plus integral = 9.0
Completely compensated:
. Proportional @ @
Proportionsl plus integral o oo

TABLE II. - STEADY-STATE COEFFICIENTS

System 612 €20
Uncompensated:
" 0.67 -0.89 Kk -0.30
Proportionsal ) T3 3 7] T3
1+ Kk + K& - RERE 11+ Kk + KE - Kk
Proportional plus integral o 0
Partially compensated:
Proportional 067 677’ —=9:30_
1+ 3K 1+ 3L
Proportional plus integral 0 0
Completely compensated:
Proportional ——0—6—7-7 —=9.30
1 + 3Ky 1+ 31{}_1
Proportional plus integral 0 C
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3
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eq,b

Figure 2. - Matrix disgrem of control system.
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FEE ;.E;‘F:-
Speed =
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discharge g Srror SEEEAEEE |
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overshoot 2 = T
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(2) Proportional control.
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= —f—f—+—-—7:—+—— ———f‘-—‘L— =
undershoot = ? I S e o o
—FF S = EN' EE
7 SEEES

=B s e o o S e e e
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vershoot” %—‘?——E‘Eﬁ:ﬁ _}ﬁf‘g— E—

{v) Proportional-plus-integral control.

Figure 3. - Representative traces showing performance
criteria considered.
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Figure 4. - Performance criteria for uncompensated proportional-

plus-integral system; AAé 5= -40 U(t).
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Figure 4. - Concluded. - Performance criteria for uncompensated
proportional-plus-integral system; AA' - -40 U(t).
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Figure 6. - Continued. Performance criterias for pertially compensated pro-
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Turbine-discharge temperature overshoot, percent
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Figure 8. - Concluded. Performance criteris for partially compensated
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